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Abstract: This paper presents an experimental and numerical investigation into the fracture response of 
mortars containing up to 30% waste iron powder by volume as OPC-replacement. The iron powder-
modified mortars demonstrate significantly improved strength and fracture properties as compared to the 
control mortars due to presence of elongated iron particulates in the powder. With a view to develop a 
predictive tool towards materials design of such particulate-reinforced systems, fracture responses of iron 
powder-modified mortars are simulated using a multiscale numerical approach. The approach implements 
multi-scale numerical homogenization involving cohesive zone-based damage at the matrix-inclusion 
interface and isotropic damage in the matrix to obtain composite constitutive response and fracture energy. 
Consequently, these results serve as input to macro-scale XFEM-based three-point-bend simulations of 
notched mortar beams. The simulated macroscopic fracture behavior exhibit excellent match with the 
experimental results. Thus, the numerical approach links the material microstructure to macroscopic 
fracture parameters facilitating microstructure-guided material design.    
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1. INTRODUCTION 
Concrete, being one of the most versatile building materials, is widely used all over the world. One of the 
major causes of concern related to manufacturing of cement is its poor sustainability credentials [1,2]. 
Manufacturing process of cement is considered to be a major contributor to global CO2-emissions [3,4]. On 
the other hand, another concern regarding the use of cementitious materials has been their inherent 
brittleness and poor fracture resistance [5,6]. The central idea of this paper stems from addressing the above-
mentioned concerns towards obtaining a material that reduces CO2-emissions as well as provides improved 
resistance to crack growth and developing a numerical tool to design such materials comprehensively.  
Several modified and alternative cementitious materials such as supplementary cementitious materials 
[7,8], alkali-activated binders [9–11], and carbon-negative binders [12–14] have been widely studied over 
the past few decades to improve sustainability credentials of concrete. On the other hand, several particulate 
reinforced composites have shown improved toughness [15,16]. Applications of carbon based nano-
particles in polymer matrices [17–20], oxides or nitrides in metal matrix composites [21,22], metallic 
particles in ceramics [23,24] and nano-clay in polymers [25,26] have served as particulate reinforcements 
with beneficial fracture properties. The fracture behavior of  brittle matrices has shown significant 
improvements when rigid inclusions are incorporated [27,28]. The issue of poor fracture response of quasi-
brittle cementitious composites has been addressed incorporating steel fibers [29,30], glass fibers [31,32], 
carbon fibers [33,34], wollastonite [35,36], and textile reinforcement [37,38] in the cementitious matrix. 
Use of metallic waste particle-incorporation in heavy concrete has also been experimentally evaluated [39–
41]. This paper incorporates waste iron powder as cement-replacement to address the concern related to 
poor sustainability credentials of cementitious materials by replacing cement partially thereby reducing the 
carbon-footprint of concrete. This waste iron powder is an industrial byproduct and it is generated in large 
quantities in electric-arc furnace (EAF) steel production facilities and shot-blasting operations of structural 
steel sections.  Traditionally, this waste iron powder is landfilled since it is not economically feasible to 
recycle such waste materials. Several million tons of such waste product is being landfilled all over the 
world. Hence, use of such waste material in concrete as large volume cement-replacement would provide 
significant environmental benefit. In addition to the potential sustainability benefit, the elongated iron 
particulates in iron powder [14,42,43] are likely to contribute towards improved crack-bridging mechanism 
and enhanced fracture response of mortars which are explored in detail in this study using three-point-bend 
test on notched mortar beams coupled with digital image correlation (DIC) [14,44–46].  
Another important aspect of this study is to develop a predictive tool towards the material design of such 
inclusion-modified cementitious systems. Accurate prediction of constitutive relationship and fracture 
response in these systems necessitates a reliable technique that is capable of handling more than just the 
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volume fraction of component phases. The effective properties of cementitious materials have been 
predicted using various analytical homogenization techniques [47–49]. Presence of closed form solutions 
and ease of analysis make these techniques very popular. However, these techniques are incapable to predict 
the post-peak response in many cases and are proved to be insufficient when dealing with phases with 
significant contrast in stiffness [50,51]. In recent past, computational techniques have been implemented 
[51,53–55] for improved accuracy. Lattice approach involving discrete elements have been used for meso-
scale simulations [56,57]. However, applicability of such technique is limited when large deformations are 
considered [57,58]. Finite element method has been proved to be very efficient under such scenario [58].  
Herein, exploiting the superiority of finite element methods [58], we implement a multiscale numerical 
framework to predict the fracture-response of iron-powder incorporated mortars. Numerical 
homogenization is performed at two different interactive length-scales to obtain effective constitutive 
response and fracture energy of iron powder-incorporated mortars. The numerical homogenization 
approach incorporates interfacial debonding at the matrix-inclusion interface using cohesive zone model 
(CZM) [59–61] and implements isotropic damage [62–64] in the matrix to simulate the composite post-
peak response. In order to validate the multiscale numerical approach, macro-scale simulations for three-
point-bend test of notched mortar beams are performed using extended finite element method (XFEM). The 
macro-model imports composite material properties obtained from multi-scale numerical homogenization 
as input, incorporates a maximum principal stress-based crack initiation criteria and a bilinear traction 
separation law coupled with concrete damage plasticity (CDP) [65–67] for propagation of crack to obtain 
macro-scale fracture parameters which are validated against experimental values obtained from DIC. 
Overall, the present study intends to investigate the influence of iron powder incorporation in the mortars 
as cement-replacement and demonstrate a multi-scale numerical approach to predict macroscopic fracture 
response of such cementitious composites facilitating microstructure-guided material design.    
2. EXPERIMENTAL PROGRAM 
2.1 Materials and mixture proportions 
The cement used for the experiments on mortar is commercially available Type I/II ordinary Portland 
cement. The chemical composition of the oxides of each element in the aforementioned OPC conforming 
to ASTM C150 is mentioned in Table 1. 
Table 1. Chemical composition of oxides of each element in OPC (%) 
Element Si Al Fe Ca Mg S Na K Others 
Oxide% 21 3.61 3.47 63 3.26 3.04 0.16 0.36 2.13 
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Metallic waste iron powder is obtained from industrial shot-blasting facility in Phoenix, AZ. The iron 
powder consists of 88% Fe and atmospheric oxidation introduces 10% oxygen into it. Traces of Cu, Mn 
and Ca are also present. The sand used in the mortar has a d50 of 600 µm while that of iron powder is 19 
µm. The particle size distributions of OPC, sand and iron powder, obtained from laser diffraction analysis, 
are shown in Figure 1. 
 
Figure 1. Particle size distribution of OPC, Iron powder and sand. 
Four different mortar mixtures were prepared with by replacing 0% (control mortar), 10%, 20%, and 30% 
of OPC by volume. Other mix design parameters for all the mortars were similar with a mass-based water-
cement ratio of 0.5 and a constant sand volume of 50% in the mortar. This study does not consider iron 
powder content higher than 30% as cement-replacement since the mixtures with iron powder content higher 
than 30% do not show desirable rheological properties. While the flexural strength tests used four replicate 
prismatic beams of size 250 (length) x 50 (width) x 50 (depth) mm for each mixture, four replicate notched 
beams of size 330 (length) x 25 (width) x 76 (depth) mm were used for each mixture to evaluate fracture 
response. For compressive strength test, 50 mm cubes were cast. All the beams and cubes were cast and 
were demolded after 24 hours followed by exposure to a moist environment with RH > 98% at a temperature 
of 23±2 °C for curing till the desired age of testing. For micro-structural examination, companion paste 
samples (iron powder in cement paste) were cast for each of the mixtures. 
2.2 Compressive and Flexural Strength Evaluation 
The 28-day compressive strengths were determined according to ASTM C109 and the flexural strengths 
were obtained after 28 days according to ASTM C293/C293M-10. The three-point-bend specimens of size 
powder
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250 x 50 x 50 mm were supported with a span of 200 mm and were centrally loaded at a constant 
displacement rate of 0.004 mm/s.  
2.3 Three-point bend test coupled with Digital Image Correlation (DIC) for evaluation of fracture 
behavior 
For evaluation of fracture behavior, three-point-bend tests were performed on notched mortar beams of size 
330 (length) x 76 (depth) x 25 mm (width) with a span of 304 mm and notch depth of 19 mm as shown in 
Figure 2. For each mixture, four replicate beam specimens were tested. A closed loop testing machine was 
employed under crack mouth opening displacement (CMOD)-controlled mode where the CMOD was 
measured by a clip gauge. An initial load control mode was first employed up to a load of 100 N beyond 
which CMOD-controlled mode was initiated. A CMOD value of 0.2 mm marked the termination point of 
the test. The above-mentioned three-point-bend test was coupled with digital image correlation (DIC) 
method for direct measurement of crack length and fracture properties. DIC is a speckle-tracking non-
contact method to obtain displacement and strain fields on the specimen surface [14,45,46,68,69]. The 
surfaces of the specimens were first painted white and then random black speckles were made on the white 
surface using a black spray-paint to achieve a good contrast. During the test, the specimen surface was 
imaged every 5 seconds by a charge-coupled device camera (CCD). After the test, the images were 
correlated and a rectangular area of 120 x 60 mm above the notch (as shown in Figure 2) was analyzed to 
obtain the displacement fields using VIC-2D software™ [70]. The displacement fields, thus obtained from 
DIC, were used to obtain the fracture properties (fracture toughness and critical crack tip opening 
displacement) as detailed later in this paper.  
 
Figure 2: The three-point-bend experimental setup.  
2.4 Scanning Electron Microscopy 
The companion paste samples with different dosage of iron powder were subjected to a microstructural 
evaluation. Small rectangular pieces (10 × 10 mm in size) were cut from the core of paste specimens using 
330 mm
76 mm
19 mm
PlatePlate
Clip gauge
LVDT
Analysis Region
X
Y
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a diamond saw. Prior to polishing, the cut pieces were cleaned ultrasonically to remove the debris. 
Afterwards, the sample was impregnated in epoxy and vacuum-saturated followed by overnight curing. 
Several grinding/polishing steps were performed using SiC abrasives and finally the sample was polished 
using 0.04 µm colloidal silica suspension. The polished samples were imaged using Philips XL30 field 
emission environmental scanning electron microscope (FESEM) under backscattered mode for 
microstructural evaluations. 
3. EXPERIMENTAL RESULTS AND DISCUSSIONS 
This section presents the experimental observation of the influence of iron powder on the strength and 
fracture response of mortars. Flexural response of prismatic beams are used in an inverse analysis procedure 
to obtain uniaxial tensile behavior of mortars. While the flexural response of the prismatic beams and the 
extracted tensile parameters serve as input to the multiscale numerical model for prediction of fracture 
response of particulate-reinforced mortars, the fracture response obtained from notched beams are used to 
validate the findings from the numerical simulations as explained later in this paper.   
3.1 Material Microstructure 
The companion paste samples were subjected to microstructural analysis after 28 days of hydration. Such 
an analysis provides a deeper insight into the distribution of iron particulates. Figure 3 shows representative 
micrographs for the mortar containing 30% iron powder as cement-replacement. Distribution of bright 
(owing to higher density) elongated iron particulates are clearly visible in the backdrop of the gray phases 
indicating the reaction products and the black areas indicating pores in the BSE image. The elongated iron 
particles are likely to play a role in improving the fracture performance by crack bridging/deflection 
mechanisms as explored in the forthcoming section. Some matrix cracks can be observed which are a result 
of sample preparation. An image analysis of several BSE images yielded an average aspect ratio of 12 for 
the elongated iron particles which is used later in this paper in the generation of representative unit cells for 
the microstructural analysis. 
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Figure 3: BSE image of iron particles (bright areas) dispersed in OPC paste matrix where 30% volume of 
OPC is replaced by iron powder at (a) 35x (scale bar indicates 500 µm and (b) 250x (scale bar indicates 
100 µm) 
3.2 Influence of particulate-reinforcement on compressive and flexural strength 
The compressive strengths of all the mixtures are found to be similar (38 ± 2.4 MPa) irrespective of volume 
fraction of iron powder. While the compressive strengths are similar for all the mixtures irrespective of iron 
powder content, a difference in flexural behavior is observed with increase in iron powder content. Figure 
4(a) shows the load deflection behavior of the control and iron powder-incorporated mortars. With 
increasing iron powder content, the peak load and the slope of load-deflection curve increases indicating 
superior flexural performance and increase in Young’s modulus due to incorporation of iron powder. The 
flexural strengths of the specimens are shown in Figure 4(b). It is observed that the flexural strength follows 
an increasing trend with increasing iron powder content. A gain in flexural strength of around 15% is 
obtained with incorporation of 30% iron powder. This can be explained from the fact that significant amount 
of stress is transferred from matrix to the stiffer iron particles resulting in stress-relaxation in the matrix and 
increase in the flexural strength of the mortars with incorporation of iron powder. The aspect of influence 
of iron particles on the microstructural stress-distributions is explained using finite element analysis (FEA) 
later in this paper for detailed insight.    
(a) (b)
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Figure 4: (a)Flexural load-deflection curves (b) Flexural strength for iron powder-incorporated mortars 
with varying iron powder content 
3.3 Influence of particulate-reinforcement on Flexural Fracture Response 
While the previous section explained the influence of iron powder on flexural strengths, this section 
explains the impact of particulate reinforcement on the fracture response of mortars after 28 days of 
hydration. The fracture response of the mortars are characterized using Hillerborg's work-of-fracture 
[72,73] as well as two parameter fracture model (TPFM) [74]. 
3.3.1 Load-CMOD responses 
The load-CMOD responses of control mortar and iron powder incorporated mortars are shown in Figure 
5(a). The peak load increases with increase in the amount of iron powder included in the binder due to the 
reasons explained in the previous section. Additionally, the area under load-CMOD curve, which is a 
measure of the material toughness, increases significantly with increasing iron powder content signifying 
improved toughness of the material. Figure 5(b) shows the size-dependent fracture energy (G1C), calculated 
using Hillerborg's work-of-fracture method as shown in Equation 1.  
                                                                   𝐺1𝐶 =
𝑊0+2𝑃𝑤𝛿0
(𝐷−𝑎0)𝑡
                                                                     [1] 
Where 𝑊0 is the area under load-CMOD curve for specimen of self-weight 𝑃𝑤 with depth D, width t and 
notch height 𝑎0 that can withstand a maximum CMOD 𝛿0. Since similar specimens are used for each set of 
experiments, the otherwise size-dependent 𝐺1𝐶 can be used for comparing the relative gain in performance 
with increasing volume fraction of iron powder. Figure 5(b) shows an increasing trend of work of fracture 
with increasing iron powder volume fraction indicating improved dissipation potential. About 42% increase 
in fracture energy is observed with incorporation of 30% iron powder as cement-replacement. These results 
(a)
(b)
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serve as a motivation to study the fracture behavior of such systems in more depth, as elucidated in the 
following sub-sections.  
 
Figure 5: (a) Load-CMOD responses and (b) work of fracture for iron incorporated mortars with different 
iron powder contents 
3.3.2 Application of DIC towards fracture response 
This sub-section applies DIC to obtain TPFM parameters (KIC and CTODC). As explained earlier, images 
obtained after the test are correlated to obtain displacement field using VIC-2D software [70]. Figure 6(a) 
shows a schematic representation of a 3D surface plot showing the horizontal displacement field. The crack 
tip opening displacement (CTOD) is computed from the displacement field as displacement-jump at the tip 
of the notch (see Figure 6(a)). Crack-extension (a) is measured as the extent of the displacement-jump as 
shown in Figure 6(a). Displacement-jumps only above 0.005 mm were considered significant enough so as 
to contribute to crack extension in this study. Similar approach was successfully incorporated in 
[14,42,45,50,75]. The critical values of the fracture parameters KIC and CTODC correspond to a load of 95% 
of the peak load in the post-peak regime. At that point of loading, CTODC is directly obtained from DIC 
and TPFM model yields the KIC using Equations 2a and 2b [76].  
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Where the effective crack length aaaeff  0  at the 95% of the peak load in the post-peak regime. 
Figure 6 (b) shows a representative digitally correlated image (for the control mortar) corresponding to 95% 
of the peak load in the post-peak regime for obtaining the crack-extension (a) from horizontal u-
displacement fields.  
 
Figure 6 (a) schematic 3D surface plot showing correlation between displacement fields and fracture 
parameters and (b) the experimental result obtained to calculate crack growth 
Figure 7 shows the two fracture parameters KIC and CTODC for all the mixtures. About 36% increase in KIC 
is observed with incorporation of 30% iron powder. As can be observed in, The elongated iron particles 
(see Figure 3) serve as micro-reinforcements to facilitate crack bridging that improves the fracture response 
of such systems drastically. CTODC signifies the threshold limit beyond which unstable crack propagation 
starts. CTODC also increases significantly with increase in iron powder content thus indicating improved 
crack resistance of iron powder-modified mortars.  
CTOD
Δa
Δa
0.04 0.150.090.07 0.12
Displacement, U (mm)
(a) (b)
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Figure 7: TPFM parameters fracture toughness (KIC) and critical crack tip opening displacement (CTODC) 
for mortars with different iron powder replacing cement by volume 
3.3.4 Extraction of tensile parameters of composite mortars 
While the previous sub-section elucidated the influence of iron powder inclusion on the fracture response 
of mortars, this section uses the load-deflection behavior obtained from prismatic beam sections  (shown in 
Figure 4(a)) towards a moment-curvature-based inverse analysis approach [71] to extract uniaxial tensile 
parameters (tensile strength ft, the modulus of elasticity E, the peak strain 𝜀𝐷0 and the strain near failure 
𝜀𝑡𝑢) for the mortars, which are otherwise difficult to obtain experimentally. The inverse analysis approach 
has been successfully incorporated in [45] and is adequately detailed in [77]. Table 2 quantifies the tensile 
parameters as a function of iron powder content for the mortars. An increasing trend of tensile strength for 
mortars is observed with increasing volume fraction of iron powder which is in line with the flexural 
strength observations. The Young’s modulus (E) increases with increase in iron powder content since iron 
powder has a higher E than the cement it replaces. The ft and 𝜀𝑡𝑢 also increases with increasing iron powder 
content signifying the higher toughness of the particulate reinforced composites. The values of 𝜀𝐷0  are fairly 
consistent for all the specimens. The tensile parameters, thus obtained, serve as input to multiscale 
numerical models for prediction of fracture response as explained in the forthcoming section. 
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Table 2. Extracted tensile parameters of mortar as a function of iron powder content 
Iron 
powder 
% 
ft 
(MPa) 
𝜺𝑫𝟎 E(GPa) 𝜺𝒕𝒖 
0 3.12 0.00013 23.9 0.000295 
10 3.79 0.00013 29.1 0.000305 
20 4.26 0.00014 34.1 0.000310 
30 4.73 0.00014 39.8 0.000315 
 
4. MULTISCALE NUMERICAL SIMULATION  
While the previous section elucidated experimental evaluation of flexural strength and fracture behavior of 
particulate-reinforced mortars, this section is aimed towards simulation of fracture behavior of such 
systems. In order to encompass the complex heterogeneity of cementitious systems that contains random 
microstructure at different length scales, the numerical simulation framework, presented here, performs 
numerical homogenization at different length scales involving continuum micromechanics so as to obtain 
homogenized constitutive behavior of the material that serves as input to macro-scale model. Such an 
approach involves representation of the geometrical configuration of the different phases in the form of 
representative volume element (RVE) at different length scales. In this study, two interactive length scales 
at the paste level and mortar level are used to predict the fracture behavior of the iron powder-modified 
mortars which is validated with the experimental observations presented earlier in this paper. The 
forthcoming sub-sections explain the numerical simulation approach and apply the framework towards 
prediction of fracture response of particulate-reinforced mortars.  
4.1 Multiscale Numerical Simulation Approach for prediction of effective constitutive response and 
Fracture behavior  
The framework aims to elucidate the influence of addition of particulate inclusions on the macroscale 
fracture response of inclusion modified heterogenous system. The numerical framework implements 
cohesive zone model (CZM)-based debonding using continuum damage approach [80,81] at the matrix-
inclusion interfaces and an isotropic damage model in the matrix [62,63,80] of the RVEs towards achieving 
the effective constitutive response in the post-peak regime. The effective tensile constitutive response, thus 
predicted, is used to simulate three-point-bend test of notched beams to obtain TPFM parameters.  
4.1.1 Prediction of Effective Constitutive Response  
Prediction of effective constitutive response involves generation of RVE based on known microstructural 
features of the material, application of appropriate boundary conditions on the RVE, meshing the RVE and 
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application of uniaxial strain to obtain stress-response. The current study incorporates debonding at the 
matrix-inclusion interfaces by incorporating cohesive zero thickness interface elements and interfacial 
debonding is implemented  using a continuum approach coupled with CZM [80]. Similar approach was 
successfully implemented to evaluate electro-mechanical response of self-sensing structural materials in 
[81].The current approach also implements isotropic damage in the matrix so as to obtain the post-peak 
effective constitutive response of the composite. Figure 8 shows a schematic representation of the numerical 
homogenization approach and the forthcoming sub-sections elucidate different components of the 
approach.  
  
Figure 8: schematic representation of the numerical homogenization approach  
4.1.1.1 Generation of unit cell: general schematic 
The unit cells are generated here using the Lubachhevsky-Stillinger algorithm [82,83]. This algorithm 
employs a hard contact model and hence particle overlaps are not allowed. Finally, the obtained 
microstructural information is implemented via a python language script to enable it to be imported to a 
commercial finite element software.  The unit cell generation algorithm has been successfully implemented 
in [55] and adequately detailed in [81].  
4.1.1.2 Boundary conditions 
Once the unit cell is generated, it is meshed using the python script and periodic boundary conditions (PBC) 
[81,84] are applied. PBCs ensure a continuity of displacement and traction across boundaries of neighboring 
unit cells. PBCs have been applied successfully towards FE analysis of random heterogenous materials 
[85]. PBCs are shown to be computationally efficient even with smaller size of unit cells facilitating faster 
Generated unit cell Meshed unit cell
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Pre-peak Post-peak
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0.0001 0.0002
Strain
0.0003 0.0004
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convergence[55]. More details on the PBC can be found in [51,86]. The meshed RVE with PBC is subjected 
to uniaxial tensile strain to simulate a displacement-controlled test scenario. In order to incorporate 
interfacial debonding and the damage-in the matrix, the numerical homogenization approach implements 
CZM-based damage at the interface and isotropic damage in the matrix as detailed in the forthcoming sub-
sections.   
4.1.1.3 CZM damage for interfacial debonding 
Interfacial debonding is implemented here using CZM coupled with continuum damage. Here, a continuity 
in displacement is ensured by implementation of zero-thickness interface elements. Such zero-thickness 
interface elements have been implemented successfully to model relative slip or separation on a 
predetermined surface in [80,81]. The CZM implements Mode I fracture when the stress state reaches the 
tensile strength of the matrix. Traction separation law which governs the propagation of damage is 
characterized here using an equivalent interface opening, 𝜆 (Equation 3(a)) and equivalent traction, σc 
(defined in Equation 3(b)) [60,80,81]. 
                                               𝜆 = √〈⟦𝑢𝑛⟧〉2 + ⟦𝑢𝑡⟧2                                                                             [3a]                                
σc = {
Kp𝜆, 𝜆 < 𝜆0
𝑓𝑡𝑒𝑥𝑝
−𝑓𝑡(𝜆−𝜆0)
𝐺𝐹 , 𝜆 ≥ 𝜆0
                                                                      [3b] 
Where 𝑢𝑛 and 𝑢𝑡   are normal and tangential displacement jumps, 𝜆0 is the threshold limit [80,81] defined 
by 
2𝐺𝑓
𝑓𝑡
 (G𝑓 is initial fracture energy) up to which the σc increases with 𝜆 with a linear coefficient Kp (penalty 
stiffness), 𝑓𝑡 is tensile strength, G𝐹 is total fracture energy. Equivalent normal traction 𝑡𝑐𝑛 and tangential 
traction 𝑡𝑐𝑡 are obtained by partially differentiating the volume integral of σc with respect to 𝑢𝑛 and 𝑢𝑡 
respectively. The mechanical tangent material matrix C𝑐
𝑢 can be expressed as partial derivatives of the 
resulting traction with respect to displacement jump as shown in Equation 4 [80,81].  
                                                       C𝑐
𝑢 = [
𝜕𝑡𝑐𝑛
𝜕⟦𝑢𝑛⟧
𝜕𝑡𝑐𝑛
𝜕⟦𝑢𝑡⟧
𝜕𝑡𝑐𝑡
𝜕⟦𝑢𝑛⟧
𝜕𝑡𝑐𝑡
𝜕⟦𝑢𝑡⟧
]                                                                              [4] 
The tangent material matrix C𝑐
𝑢  is transformed to the local co-ordinate system to obtain mechanical stiffness 
matrix of each cohesive element. While the penalty stiffness governs the traction-separation law with 
increase in 𝜆 when 𝜆 < 𝜆0, the mechanical stiffness matrix is modified at every iteration with increasing 𝜆 
based on phenomenological damage model when 𝜆 ≥ 𝜆0 [80]. Here, progressive debonding has been 
characterized with increasing 𝜆 using a scalar interface damage parameter 𝐷𝑐 which is defined as follows 
[81]:   
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                                                                       𝐷𝑐 =
𝜆
𝜆𝑐𝑟
                                                                                  [5] 
Where 𝜆𝑐𝑟 corresponds to equivalent interface opening at very low traction values in the post-peak regime 
of the traction-separation behavior, generally computed at 0.1 𝑓𝑡 in the post-peak regime. The numerical 
simulation is implemented using user defined subroutine in ABAQUS™ and it requires initial fracture 
energy (G𝑓), total fracture energy (GF) and tensile strength of matrix (𝑓𝑡) as input [81,87]. 
4.1.1.4 Isotropic damage in matrix  
Isotropic damage is implemented in the simulation framework to quantify the stiffness loss for a strain state 
beyond cracking strain (𝜀𝐷0). Assuming isotropic stiffness degradation, the damage variable, D is given as 
[62–64,81]:  
                                                                      𝜎 = (1 − 𝐷)∁: 𝜀                                                                               [6] 
Where the effective stress tensor is denoted by 𝜎, ∁ denotes fourth order tensor of elasticity and 𝜀 is the 
strain tensor. The value of damage, D ranges from 0 (undamaged) to 1 (completely damaged). The damage 
rate denoted by ?̇? assumes only zero or positive values [82]. A non-local equivalent strain  𝜀̃ is used to 
obtain the damage, 𝐷 which is defined as [64]. 
                                                                    2
i
i
                                                                        [7] 
Where i   is the positive part of the principal strain. The damage 𝐷  evolve as a function of 𝜀̃ as per 
the Equation 8 for uniaxial tensile strains: 
                                                        𝐷(𝜀̃) = 1 −
𝜀𝐷0(1−𝐴𝑡)
?̃?
−
𝐴𝑡
𝑒𝑥𝑝[𝐵𝑡(?̃?−𝜀𝐷0)]
                                      [8] 
Where 
0D
 is damage initiation threshold defined as 
                                                                                      𝜀𝐷0 =
𝑓𝑡
𝐸
                                                                   [9] 
Thus, the isotropic damage model requires the tensile strength (𝑓𝑡) of the matrix and the damage 
propagation parameters At and Bt (see Equation 8) to fully characterize the post peak tensile constitutive 
response at strains exceeding 𝜀𝐷0. The isotropic damage is implemented here using user defined subroutine 
in ABAQUS™. The tensile constitutive response and the isotropic scalar damage variable D can be used to 
obtain fracture energy GF. Isotropic damage has been used successfully [57,88] to correlate ft and fracture 
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energy GF for stiffer inclusions embedded in a softer matrix and the relationship is defined as shown in 
Equation 10 [57].   
                                                   (1 − 𝐷)𝜀 = 𝜀𝐷0exp (−
𝐷ℎ𝜀𝑓𝑡
𝐺𝐹
)                                                                [10] 
Where D is damage variable expressed in Equation 8, 𝜀 is the strain response of the tensile constitutive 
relation with its value being 𝜀0 corresponding to the tensile strength 𝑓𝑡; h is a mesh dependent parameter 
defining the mean distance between centroids of adjoining elements and 𝐺𝐹 is fracture energy. In multiscale 
simulations of particulate-reinforced mortars, GF obtained for microscale (inclusion modified hardened 
cement paste), is used as input to the CZM-damage debonding model at the matrix –inclusion interfaces in 
the mesoscale (mortar). Thus, the procedure explained herein, can be invoked for translating mesoscale 
damage to macroscale fracture energy analysis.  
4.1.1.5 Post-processing and Effective Constitutive Response 
The analysis is implemented using ABAQUS™ solver to obtain stress distributions, debonding status as 
well as isotropic damage parameter D in the RVE. A post-processing module coded in MATLAB® 
implements a volume computation thereby yielding a volume averaged stress-strain relation thus providing 
the effective constitutive tensile response.  
4.1.2 Upscaling to macro-scale Fracture Response 
The effective constitutive tensile response as well as the fracture energy, mentioned in the previous sub-
section, is obtained at different length scales to finally provide input to a macro-scale analysis of three-
point-bend test on notched beams. The macro-scale simulation is performed using extended finite element 
method (XFEM) which incorporates a maximum principal stress-based damage initiation criteria and a 
bilinear traction-separation law coupled with a damage plasticity model for propagation of damage.   
The XFEM-based damage model initiates damage if the maximum principal stress exceeds the tensile 
strength. A bilinear traction-separation law [87] coupled with concrete damage plasticity model [66] is used 
for damage propagation. In this model, isotropic damage is represented as: 
)(:)(:)1( 0
plelplel DDd                                          (11) 
where  is the Cauchy stress tensor, d is the scalar stiffness degradation variable,  is the strain tensor, 
pl is the plastic strain, 
elD0  is the initial elastic stiffness of the material, and 
elD is the degraded elastic 
stiffness tensor. The effective stress tensor   is given as: 
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)(:0
plelD                                                              (12) 
The plastic flow is given as [66]: 
𝜀̇𝑝𝑙 = ?̇?
𝜕𝐺(?̅?)
𝑑?̅?
                                                                     [13] 
where, the flow potential, G is given using a Drucker-Prager hyperbolic function as: 
  tan.)tan..( 22 pqfmfG tc                                               [14] 
Here, tf is the tensile strength and cf is the compressive strength,  is the dilation angle and m is the 
eccentricity of the plastic potential surface, p is the effective hydrostatic stress and q is the Mises 
equivalent effective stress. The CDP model uses a yield condition based on loading function:  
)())(..3(
1
1
maxmax
pl
c
plpqF 



                                 [15] 
where the function )(
pl is given as: 
 )1()1(
)(
)(
)( 


 
pl
tt
pl
ccpl                                                        [16] 
The parameter 𝛼, a function of biaxial compressive strength (𝑓𝑏0) and uniaxial compressive strength (𝑓𝑐), 
is defined as follows: 
1)(2
1)(
0
0



cb
cb
ff
ff
                                                                      (17) 
The CDP model [66,67] requires input parameters β, 𝑚, γ (determines the shape of the loading surface in 
deviatoric plane) and 𝛼. To calculate fracture toughness KIC, the crack-extension values, obtained from 
simulations at 95% peak load in the post-peak regime are used. Using the simulated crack-extension values 
KIC can be calculated using Equations 2(a) and 2(b) as explained earlier in this paper. While KIC can be 
obtained from Equation 2, CTODC can be computed directly from the XFEM simulations as the horizontal 
displacement at the tip of the notch. Thus, the numerical simulation approach, presented here, links different 
interactive length-scales and obtains macro-scale fracture response facilitating microstructure-guided 
material design towards improved toughness. The forthcoming section elucidates application of the 
multiscale numerical simulation approach towards prediction of macro-scale fracture parameters of iron 
powder-modified mortars.   
18 
 
  
4.2 Multiscale Numerical Simulation of fracture response in particulate-reinforced mortars  
The numerical simulation of fracture response in particulate-reinforced mortars involves three interactive 
length scales at the cement paste scale, mortar scale and macro-scale (simulation of three-point-bend test) 
as shown in Figure 9 for a representative mixture containing 10% iron powder.  The constitutive response 
and fracture energy obtained for particulate-reinforced hardened cement paste (Figure 9(a)) are assigned as 
the matrix property in the mesoscale containing the homogenized matrix and sand particles (Figure 9(b)). 
The constitutive response and fracture energy extracted from mesoscale are used towards XFEM simulation 
(Figure 9(c)) of three-point-bend test of notched beams to obtain KIC and CTODC. Although the numerical 
simulation is performed for the control mixture as well as all the mixtures with different dosage of iron 
powder, the generated micrographs and matrix/interface damage are shown for a representative simulation 
of the mixture containing 10% iron powder. The results are plotted for all the mixtures for a comparative 
evaluation.   
  
Figure 9. Interactive length scales representing the (a) micro-scale HCP with 10% iron powder; (b) meso-
scale mortar with sand embedded in modified HCP (c) macro-scale mortar TPB notched beam   
Implementation of interface damage and isotropic damage in the matrix requires inputs such as fracture 
energy and isotropic damage model parameters, as explained earlier in this paper. While the these 
parameters for hardened cement paste are available in the literature [89], the parameters for inclusion-
modified matrices are not readily available. The numerical simulation approach, presented in this paper, 
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uses the macro-scale tensile parameters of inclusion-modified mortars, extracted from the flexural response 
of the prismatic beams, as input to the multiscale numerical model to determine the parameters for isotropic 
damage model for iron-powder modified HCP (see Figure 9(a)). In this paper, the properties of the interface 
elements are assumed to be similar to those of the matrix owing to lack of data. Similar methodology was 
successfully adopted in [81,90]. Although the numerical simulation approach presented in this paper can 
incorporate 3D unit cells, here 2D unit cells are incorporated as a trade-off between computational 
efficiency and demand. 2D unit cells have been successfully implemented to evaluate damage in quasi-
brittle materials in [81,91]. In order to determine the representative size of unit cells, a sensitivity study was 
performed and the representative size of the unit cells at different length scales are shown in Figure 9. Sizes 
of unit cells beyond these adopted edge lengths resulted in insignificant change in the constitutive response. 
Median size of inclusions, reported in Section 2.1, are adopted for numerical simulation. As can be observed 
from the microstructure in Figure 3, the shape of the iron particulates in the powder are mostly elongated. 
Microstructural image analysis on several BSE micrographs yields an average aspect ratio of 12 which is 
used as a reference for generating iron particulate inclusions in the micro-scale.  The following sub-sections 
elucidate the parameter identification for interface damage/isotropic damage model for the iron powder 
incorporated HCP, perform numerical homogenization at two different length scales and implement macro-
scale XFEM analysis of three-point-bend test to obtain TPFM parameters of the particulate-reinforced 
mortars.     
4.2.1 Material Properties for Numerical simulation and Parameter identification for interface 
damage/isotropic damage model 
Damage model parameters (𝒇𝒕, 𝜺𝑫𝟎, At, Bt and GF) for iron powder-modified HCP are tuned in a way so 
that the simulated tensile constitutive response for particulate-reinforced mortars matches with the 
experimental tensile constitutive response, obtained through inverse analysis from flexural response of 
prismatic beam sections as explained in the Section 3.3.4. The identified parameters for all the mixtures are 
reported in Table 3. The parameters identified for the control HCP correlates well with the values reported 
in [64,89], thus validating the parameter identification approach presented here. The Young’s modulus for 
HCP, sand and iron particulates are considered 20 GPa, 70 GPa and 200 GPa [55,81]. A constant Poisson’s 
ratio of 0.2 is used for all the simulations presented in this paper since variation of Poisson’s ratio in the 
range of 0.17-0.22 has been shown to result in insignificant changes in the results [85,92].  Gf  is assumed 
to be 0.6 times that of GF. Similar value of Gf  with respect to GF has been successfully implemented for 
quasi brittle materials in [93].  
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Table 3: Material properties and parameters for iron powder modified HCP  
 
 
 
 
4.2.2 Multi-scale effective constitutive response 
This section reports the multiscale numerical homogenization results. First, numerical homogenization is 
performed in micro-scale (refer to Figure 9(a)). The meshed unit cell, shown in Figure 9(a) is subjected to 
periodic boundary conditions and a uniaxial tensile strain along X direction as explained earlier in this 
paper. The fracture energy and the isotropic damage parameters, reported for control HCP in Table 3 are 
adopted since the matrix remains same (HCP with same mass-based water-to-cement ratio of 0.5) 
irrespective of the dosage of iron powder. The analysis is performed using ABAQUSTM solver and the 
simulation yields progressive interface damage and damage in the matrix as shown in Figure 10. 
 
Figure 10. Progressive interface damage and damage in iron particulate-reinforced HCP containing 10% 
iron powder for applied strain of  (a) 0% (undeformed), (b) 0.004%, (c) 0.0106% and (d) 0.012%. 
While Figure 10(a) correspond to undeformed configuration (no applied strain), Figures 10(b), (c) and (d) 
correspond to applied uniaxial strain of 0.004%, 0.0106% and 0.012% respectively. Interfacial debonding 
(a) (c) (d)(b)
0.99 0.86 0.74 0.62 0.49 0.37 0.24 0.12 0.00
Damage, D
Interface 
Damage, 𝑫 
 
Iron 
Powder % 
𝒇𝒕   
(MPa) 
𝜺𝑫𝟎 At Bt (10
4) 
GF 
(N/mm) 
Micro-scale 
(HCP-iron 
powder 
composite) 
0 1.78 0.000100 0.98 1.15 0.017 
10 2.16 0.000105 0.99 1.18 0.019 
20 2.43 0.000110 1.00 1.21 0.022 
30 2.7 0.000115 1.01 1.24 0.024 
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sets in at a strain lower than the peak strain and it keeps on propagating resulting in progressive increase in 
stress in the matrix. The debonding stops propagating once the matrix stresses reach the tensile strength, 
beyond which progressive damage in the matrix begins initiating the post-peak response. These are clearly 
reflected in Figure 10.  Figure 11 shows the generated tensile constitutive response of iron particulate-
reinforced HCP with different dosage of iron powder. Incorporation of iron powder leads to a higher tensile 
strength that corroborates the gain in fracture toughness.  
 
Figure 11: Simulated tensile constitutive response of control HCP as well as iron powder-modified HCP 
containing various dosage of iron powder 
The homogenized tensile constitutive response for particulate-reinforced HCP along with the damage 
model parameters and GF are assigned to the matrix in the mortar scale (see Figure 9(b)). Figure 12 presents 
the progressive interface damage and damage in iron particulate-reinforced mortar containing 10% iron 
powder. While Figure 12(a) corresponds to undeformed configuration for the meso-scale showing 
undeformed matrix and sand inclusions, Figures 12(b), (c) and (d) present the interface damage parameter 
as well as the matrix damage variable (D) under applied strain of 0.005%, 0.017% and 0.03% respectively. 
General trend in progressive interface debonding and damage in the matrix remains similar to that observed 
in the micro-scale. Figure 13 shows the computed tensile constitutive response for control mortar as well 
as iron powder-modified mortars. GF for the mortars are obtained from simulated tensile softening 
responses using Equation 10 and the values are found to be 0.034, 0.038, 0.043 and 0.048 N/mm for control 
mortar and mortars containing 10%, 20% and 30% iron powder respectively. Gf values are adopted as 0.6 
times that of GF [93] as explained earlier. The simulated tensile constitutive responses and fracture energies, 
thus obtained using numerical homogenization, serve as input to simulate macro-scale three-point-bend 
tests as explained in the forthcoming section.      
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Figure 12. Progressive interface damage and damage in iron particulate-reinforced mortar containing 10% 
iron powder for applied strain of: (a) 0% (undeformed), (b) 0.005%, (c) 0.017%, and (d) 0.03%. 
 
Figure 13: Simulated tensile constitutive response of control mortar as well as mortars containing iron 
powder-modified matrix 
4.2.3 Macro-scale fracture responses 
The macro-scale simulation of a three-point-bend test incorporates the material properties of the mortars, 
obtained from numerical homogenization, and performs the analysis using XFEM-based framework 
implementing CDP to obtain TPFM parameters. The notched beam model is shown in Figure 9 (c). Three-
point-bend model in ABAQUS™ simulates a displacement controlled test. A mesh sensitivity study was 
performed and a mesh containing 1027 CPE4R elements provided converged solution. Under the 
(b)
Interface 
Damage, 𝑫 
(c) (d)
0.99 0.86 0.74 0.62 0.49 0.37 0.24 0.12 0.00
Damage, D
(a)
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application of center-point displacement, the crack initiates when the stress reaches the tensile strength 
beyond which the propagation of crack is governed by traction-separation law (defined by initial fracture 
energy (G𝑓), total fracture energy (GF) and tensile strength of matrix (𝑓𝑡)) coupled with CDP.  The values 
for the CDP parameters 𝛽, 𝑚, 𝛾 and 𝑓 are 38°,1,0.67 and 1.12 respectively which are adopted from [66]. 
While these parameters are provided for concrete in [66], they are used in this study for mortars also, for 
lack of better experimental data on these parameters. Similar approach was successfully adopted in [94].  
Figure 14 shows the load-CMOD responses obtained from XFEM simulation for control mortar as well as 
the mortars with varying iron powder content. As can be seen in the figure, the peak load increases with 
increase in iron powder content. The points P-1, P-2 and P-3 for the representative mortar containing 10% 
iron powder correspond to 85% of peak load (pre-peak), 95% of peak load (post-peak) and a load that yields 
CMOD near ultimate failure respectively. The load-CMOD responses, thus obtained, are used later in this 
section to quantify TPFM parameters of these mortars.   
 
Figure 14: Simulated load-CMOD results for control and iron powder incorporated mortars with P1, P2 
and P3 at 85% of peak load in pre-peak regime; P2 at 95% of peak load in post-peak regime; P3 at near 
ultimate failure 
Figure 15 shows the maximum principal stress contours (for the representative mortar containing 10% iron 
powder) at three different stages of the simulated load-CMOD response. These stages correspond to points 
P-1 (Figure 15(a)), P-2 (Figure 15(b)) and P-3 (Figure 15(c)) as shown in Figure 14. The figure 
corresponding to point P1 doesn’t show crack formation since the maximum principal stress failure criterion 
is not met. On the other hand, the figure corresponding to point P2 show a single crack that have grown 
with a stress concentration at the tip of the crack. The figures corresponding to P3 depict that the crack have 
propagated almost completely leading to failure.  
P-1
P-2
P-3
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Figure 15. Maximum principal stress contours for mortar beams with 10% iron powder (a) P1 (b) P2 and 
(c) P3 
From the load-CMOD response and crack-extension values obtained from XFEM, TPFM parameters are 
obtained using equation 2(a) and 2(b) as explained in sub-section 3.3.2. Table 4 shows the simulated TPFM 
parameters along with those experimentally obtained from DIC. 
Table 4. TPFM parameters for varying iron powder containing mortars obtained by DIC experiments and 
XFEM simulations 
Fracture Toughness (KIC) [MPa.mm0.5] Crack tip opening displacement, CTODc (mm) 
Iron Powder % 0 10 20 30 0 10 20 30 
XFEM 21.41 25.31 26.81  28.51  0.0013  0.0014  0.0016     0.0017  
Experimental 
(DIC) 
21.92 
±2.15 
24.24 
±1.85 
25.29 
±1.52 
27.06 
±1.61 
0.0012 
±0.00018 
0.0013 
±0.00017 
0.0014 ± 
0.00013 
0.0018 
±0.00011 
 
The fracture parameters (KIC and CTODC) obtained from multiscale numerical simulation are found to be 
in very good agreement with those directly obtained from DIC for control mortar as well as mortars with 
varying iron powder content signifying efficacy of the multiscale numerical simulation approach presented 
in this study.  
   
(MPa)
(a) 
(b) 
(c) 
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5. CONCLUSION 
This study involves combined experimental and numerical evaluations to provide insight into the fracture 
response of waste iron powder-incorporated mortars. Experimental evaluations using CMOD-controlled 
three-point-bend test coupled with DIC showed superior flexural fracture response of modified 
cementitious systems when waste iron powder is used to replace cement. While experimental evaluations 
established beneficial impact of iron powder when added as cement-replacement (up to 30% by volume), 
the multiscale numerical approach, presented in this paper, is aimed towards development of a predictive 
tool that can help develop design strategies for efficient performance of these particulate-reinforced 
systems. The multiscale numerical simulation approach performs numerical homogenization at different 
length scales. The numerical homogenization approach incorporates interfacial debonding using CZM-
based interface damage approach and implements isotropic damage in the matrix to obtain post-peak 
response. The homogenized constitutive response, thus obtained from numerical homogenization, serves 
as input to the macro-scale XFEM simulation of three-point-bend test on notched beams. The macro-model 
uses a maximum principal stress-based crack initiation criteria and implements bilinear traction-separation 
law coupled with CDP as crack propagation criteria to obtain KIC and CTODc values for iron particulate-
reinforced mortars. The simulated values of KIC and CTODc are found to be in good agreement with the 
experimental values obtained from DIC for varying dosage of iron powder signifying efficacy of the 
multiscale numerical simulation approach. Thus the multiscale numerical simulation framework, presented 
in this study, successfully links the material structure at different length scales to obtain macro-scale 
mechanical response of particulate-reinforced mortars facilitating microstructure-guided material design. 
Although the simulation approach is specifically applied in this paper towards particulate-reinforced 
mortars, it can also potentially provide efficient means to tailor the microstructure of a large class of 
inclusion-modified cementitious composites which needs further investigation. 
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